Because of the perception that depleting hematopoietic grafts of T cells will result in poorer immune recovery and in increased risk of graft rejection, pure hematopoietic stem cells (HSC), which avoid the potentially lethal complication of graft-versus-host disease (GVHD), have not been used for allogeneic hematopoietic cell transplantation (HCT) in humans. Ideal grafts should contain HSC plus mature cells that confer only the benefits of protection from pathogens and suppression of malignancies. This goal requires better understanding of the effects of each blood cell type and its interactions during engraftment and immune regeneration. Here, we studied hematopoietic reconstitution post-HCT, comparing grafts of purified HSC with grafts supplemented with T cells in a minor histocompatibility antigen (mHA)-mismatched mouse model. Cell counts, composition, and chimerism of blood and lymphoid organs were evaluated and followed intensively through the first month, and then subsequently for up to 1 yr. Throughout this period, recipients of pure HSC demonstrated superior total cell recovery and lymphoid reconstitution compared with recipients of T cell-containing grafts. In the latter, rapid expansion of T cells occurred, and suppression of hematopoiesis derived from donor HSC was observed. Our findings demonstrate that even early post-HCT, T cells retard donor HSC engraftment and immune recovery. These observations contradict the postulation that mature donor T cells provide important transient immunity and facilitate HSC engraftment.
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immune reconstitution | graft composition | mice A llogeneic hematopoietic cell transplantation (HCT) comprises the only curative treatment option for a spectrum of fatal malignancies and insufficiency syndromes of the blood (1) . Furthermore, the replacement of the immune system by HCT has the potential to cure nonmalignant disorders, such as severe autoimmune diseases (2) , and to induce immune tolerance to transplanted organs (3) . However, the high treatment-related morbidity and mortality continue to limit the application of this powerful cellular therapy to a broader patient base. The main obstacles to the success of HCT are graft-versus-host disease (GVHD), infections, and relapse, all of which are critically influenced by the composition of the graft. In adults, the most commonly used sources of allogeneic hematopoietic cells are mobilized peripheral blood (MPB), or bone marrow (BM). Both graft types contain mixtures of hematopoietic stem cells (HSC), progenitors, lineage-committed cells, and mature cells. Donor T cells are the main mediators of acute GVHD but are also credited with conferring beneficial graft-versus-tumor (GVT) effects, are thought to enhance engraftment, and provide protective immunity post-HCT. Indeed, early attempts to reduce GVHD by T-cell depletion (TCD) were hampered by unacceptable rates of engraftment failure (4) (5) (6) (7) . In retrospect, these results may have been due to an insufficient stem/progenitor cell content of the manipulated BM products (8) , as later trials revealed significantly improved rates of GVHD and similar engraftment in patients given TCD as compared with whole BM grafts (9) (10) (11) (12) .
Although there are serious concerns that TCD results in significantly increased infectious complications, GVHD itself is known to impair immune function post-HCT (3) (4) (5) 13) . GVHD-associated lymphoid hypoplasia has been well described (6-8, 14-17). Myelosuppression, the most telling manifestation of graft-versus-host reactions (GVHR) directed against hematopoietic elements has also been reported. It appears that the hematopoietic system is the most sensitive target of donor immunity, as relatively low numbers of T cells that do not damage other target organs can nonetheless induce marrow aplasia (13, (18) (19) (20) . Given the important consequences that attack of the BM and lymphoid organs have on the outcomes of clinical allogeneic HCT, surprisingly little is known about GVHR as it pertains to hematopoiesis and the establishment of donor chimerism.
In this study, we sought to better delineate the impact of graft content on hematopoiesis and immune recovery in an mHAmismatched murine GVHD model. Transplants of grafts composed of purified HSC versus HSC plus unfractionated splenocytes or splenic T-cell subsets were compared. As early as day (d) 7 post-HCT, marked differences were noted in hematopoietic reconstitution in the blood, BM and lymphoid organs between recipients of purified HSC and HSC plus lymphocytes. Mice given HSC alone had faster recovery of blood counts, prompt production of B lymphocytes, and faster normalization of the myeloid to lymphoid ratio compared with recipients of HSC plus lymphocytes. In this latter group, donor lymphocytes mediated early infiltration of the marrow and spleen, resulting in elimination of host cells and suppression of HSC-derived hematopoiesis. In fact, retardation of engraftment rather than facilitation was observed. These studies highlight the rapidity by which de novo hematolymphoid reconstitution can occur following transplantation of purified HSC while underscoring the deleterious effects that accompanying lymphoid cells have on HSC engraftment and hematopoiesis.
Results GVHD and Survival. To study the association between graft composition, GVHD, and immune reconstitution in mHAmismatched mice, lethally irradiated BALB.B mice received purified HSC or HSC plus mature lymphoid cells, including whole splenocytes (wSP), total T cells (CD4 and CD8; ToTC), CD4, or CD8 cells from C57BL/6 (B6) donors (Fig. S1 ). Fig. 1A shows the survival and Fig. 1B the weight curves for these groups. As expected, recipients of HSC only showed no signs of GVHD, whereas differential effects were observed depending upon the type of graft supplement. GVHD was pronounced in recipients of ToTC, wSP and CD4 cells, as 32%, 30%, and 25% died before d40, respectively. In contrast, CD8 cells caused only mild signs of GVHD, and only one of 23 mice died on d53 post-HCT (Fig. 1A) . The severity of GVHD symptoms was also reflected by their weight course (Fig. 1B) and organ histology, which confirmed the clinical findings (Fig. 1C) . The weight curves are censored to include only mice surviving >4 wk, as only those animals were available for chimerism analysis.
Reconstitution of Blood. Absolute cell content. Hematopoietic reconstitution was assessed by absolute WBC counts. Immediately post-HCT, at 2-3 wk, a marked drop of the absolute WBC numbers in all groups was noted that persisted until 6 wk post-HCT and stabilized thereafter. Recipients of pure HSC recovered WBC more rapidly than all other groups and achieved significantly higher total cell counts by 7 wk (Fig. 2A) , whereas WBC levels were lowest for mice that received ToTC. Evidence that mature donor lymphocytes suppressed donor HSC contribution to hematopoiesis is shown in Fig. 2 B and C, which compare spleen-derived vs. HSC-derived blood elements, respectively, as determined by the percentage and absolute number of WBC. For recipients of HSC only, most WBC were generated from the infused HSC. In contrast, only ∼30% of WBC were donor HSC derived in recipients of wSP or ToTC. The addition of either CD4 or CD8 cells also reduced the HSC contribution to recipient WBC. Thus, compared with mice that received lymphocyte-replete grafts, HSC recipients had superior recovery of WBC established on the basis of true HSC-derived hematopoiesis. Blood composition and GVHD. The blood of WT mice consists of 30-55% B cells (B220 + ), 30-50% T cells (TCRβ + ), and 10-20% Mac1 + granulocytes/monocytes. Fig. 3 shows that graft content substantially affected regeneration of specific WBC lineages. This effect was most pronounced for B cells, which promptly recovered to normal levels in recipients of pure HSC (median 38%), but were severely suppressed in mice given HSC plus lymphocytes. In the latter groups, B cells comprised only a median 0.75-6% of live cells at 1 mo (p < 0.0001). B cell levels did not significantly differ with the type of lymphocyte supplement, except that B lymphopenia was most pronounced in recipients of CD4 cells. The degree of B lymphopenia correlated with GVHD severity as mice with more extreme weight loss had proportionally lower B cell levels (Fig.  3B) . B cell recovery occurred slowly as GVHD symptoms resolved and reached normal levels by 3 mo (Fig. S2A) . There was also a clear predominance of myeloid (Mac1 + ) cells in mice given lymphocyte-replete grafts. Mac1 + cells accounted for a median of 63-76% of blood cells at 1 mo in these mice, as compared with 46% for HSC recipients (Fig. 3A) . The degree of acute GVHD was also associated with this shift to myelopoiesis (Fig. 3B ), as greater weight loss correlated with higher Mac1 + cell levels. In contrast, in all groups, T cells were reduced for several months, with median levels ranging from 10% to 16% in the first 3 mo (Figs. 3A and S2B). These reduced T-cell levels were independent of graft content, and there was no obvious correlation with symptoms of acute GVHD. However, the proportion of donor spleen-derived T cells was higher in mice with greater weight loss (Fig. 3B ). Chimerism and competitive reconstitution. The origins of the three different hematopoietic sources (HSC-vs. spleen-derived donor vs. residual host) were determined by expression of CD45.1/2, Thy1.1/2 alleles and GFP (Fig. 4A ). In this way "nascent" HSC-vs. lymphocyte-derived donor cells were identified. In all recipients, lethal irradiation eliminated host myeloid and B cells, whereas T cells were not eradicated unless mature donor T cells were given. Accordingly, in HSC recipients, myeloid and B cell lineages were promptly replaced by donor cells, whereas the T cells were derived from a mixture of donor and host ( Fig. 4 B and C) . Recipients of ToTC, CD4, or CD8 cells were also mixed T-cell chimeras but derived from both HSC and splenocyte donor sources ( Fig. 4 A and C). As primarily T cells were infused in these groups, B and myeloid cells were mainly donor HSC derived, although minor contributions from donor spleen were detected. However, as compared with HSC recipients, the origin of hematopoiesis was dis- 6 /μL; P = 0.003), HSC+ToTC (median 3.7 × 10 6 /μL; P < 0.001), HSC+CD4 (median 7 × 10 6 /μL; P = 0.03), or HSC+CD8 T cells (median 4.6 × 10 6 /μL; P = 0.002). (B) Proportion of HSC-derived donor cells in the blood at 7 wk post-HCT. HSC recipients had a significantly higher proportion (median 93%) compared with HSC+wSP (median 29%; P < 0.001), ToTC (median 31%; P = 0.07), or CD4 (median 61%; P = 0.02), but not CD8 (median 82%; P = 0.2) groups. (C) Absolute number of donor HSC-derived WBC 7 wk post-HCT. Recipients of HSC only had significantly higher absolute numbers of WBC derived from donor HSC (9 × 10 6 /μL) compared with mice given HSC+wSP (median 1.6 × 10 6 /μL; P < 0.001), HSC+ToTC (median 1.1 × 10 6 /μL; P = 0.002), HSC+CD4 (4.2 × 10 6 /μL; P = 0.002), or HSC+CD8 T cells (median 3.2 × 10 6 /μL; P = 0.001). B and C display the mean and SEM for each respective group, derived from one experiment with five to eight mice per group.
tinctly different in mice given HSC+wSP. Spleen-derived donor cells not only eradicated the residual host but permanently (>1 y) dominated lymphoid and myeloid (Mac1) production (Figs. 4D and S3). The preponderance of spleen-derived myeloid cells was surprising, given the low proportion of myeloid cells and rare HSC contained in spleens (Fig. S4) . Nonetheless, these data show that splenocyte-derived hematopoietic stem/progenitor cells effectively contribute and compete with the infused BM-derived purified HSC, and that the ratio between donor spleen-and HSCderived cells, once established, remained stable. Influence of CD45 allelic differences. The dominance of transferred wSP over HSC in hematopoieisis led us to ask whether CD45 allelic differences permitted immune recognition of HSC and, hence, suppression of HSC blood formation. CD45.1 and CD45.2 are congenic markers commonly used in mice to distinguish the origins of hematopoiesis. For our initial studies, HSC were from B6.CD45.2 and wSP from B6.CD45.1 mice, whereas recipients were BALB.B.CD45.2. Similarly, reversal of the allele markers, such that HSC were from B6.CD45.1 and wSP from B6.CD45.2 mice, showed hematopoiesis dominated by donor splenocytes (Fig. 5A) . However, when all blood-forming sources were identical at the CD45.2 allele, a markedly higher percentage of blood cells originated from donor HSC and from residual host cells (Fig.  5B ). In addition, the severity of GVHD, as assessed by weight loss, was attenuated compared with transplants involving CD45 disparities (Fig. S5C) . These data suggest that CD45 allelic differences between hematolymphoid sources can elicit immune responses, and the data highlight the importance of minor antigens expressed on hematopoietic cells as targets of mature lymphoid cells. . B cell levels were significantly reduced in mice given HSC+wSP (median 6%; P < 0.0001), HSC+ToTC (median 2%; P < 0.0001), HSC+CD4 (median 0.75%; P < 0.0001), or HSC+CD8 cells (median 4%; P < 0.0001). Recovery of Mac1 cells occurred rapidly in all groups, although levels were significantly lower in recipients of HSC (median 46% of live cells) versus mice given HSC+wSP (median 73%; P < 0.0001), ToTC (median 66%; P < 0.001), CD4 (median 74%; P < 0.0001), or CD8 T cells (median 63%; P < 0.01). T-cell levels reached a median of 10%/live cells in recipients of HSC or HSC+wSP, and were slightly higher (16-17%) in recipients of HSC+ToTC, CD4 or CD8 (P < 0.01 for differences between HSC only and HSC+ToTC, CD4 or CD8). (B) Severity of GVHD was classified according to the following criteria: death from acute GVHD or weight <80%, 80-90%, or >90% of BL weight. Shown are the contributions by lineage as %/live cells for mice stratified into these groups. Weight loss correlated with B lymphopenia and predominance of Mac1 cells in the blood. There was no obvious correlation between T-cell levels and GVHD; however, higher levels of donor spleen-derived T cells corresponded with greater weight loss. Data for these figures were derived from same mice as studied in Fig. 1 . GVHR in BM and Lymphoid Organs. The skewing of WBC away from normal values caused by mature donor T cells involved not only blood but all hematolymphoid organs. Similar to the blood, B lymphopenia was the most notable perturbation in the BM, spleen, and lymph nodes of mice with GVHD, whereas recipients of purified HSC had unimpaired and rapid recovery of B cells. Shown in Fig. 5 are FACS plots of BM and spleen from representative recipients of HSC alone (Fig. 6A) or HSC+wSP (Fig. 6B) . Two weeks after transplantation, mice given pure HSC had 30-65% B cells in BM and spleen that were largely donor type; and as in the blood, T cells originated from both donor and host (Fig. 5A) . In contrast, B lymphopoiesis was markedly suppressed in recipients of HSC+wSP, and all B cells were donor spleen derived. At the same time, these tissues were heavily infiltrated with donor splenic T cells, the majority of which were CD8 T cells. Antihost alloreactivity of these donor CD8 T cells was verified by staining with a tetramer against H60, a known immunodominant minor antigen, expressed by hematopoietic cells of BALB.B host but not B6 donor mice. Of the CD8 T cells in the BM of HSC+wSP recipients, 10-25% were H60-tetramer positive (Fig. 6B) , which suggested that recognition of H60 contributed importantly to the eradication of residual host BM cells. FACS analyses of the hematolymphoid organs were repeated on d28 and d50, and revealed that donor T-cell infiltration peaked at 2 wk post-HCT and decreased thereafter. The results for lymph nodes resembled those of the spleens. Of note, lymph nodes from mice that received HSC+wSP were smaller and had markedly reduced cellularity as compared with organs from mice that received HSC only, again implying that the mature donor cells retarded rather than augmented immune recovery.
Hematopoietic Reconstitution Early Post-HCT. To better characterize early hematolymphoid regeneration, BM and spleens of recipients of HSC vs. HSC+wSP were examined for total cell numbers, composition, and chimerism on d4, 7, 11, 14, 17, and 21 post-HCT. During this period, extreme hypocellularity was noted, and cell numbers in BM and spleen did not differ between the HSC and HSC+wSP groups (Fig. S5A) , suggesting that environmental factors may limit cell expansion. For both groups, by d14, the donor cell levels were uniformly high (Fig. S5B) . However, substantial differences in the donor source and cell composition were noted. At d4, donor cells were already present in the spleens of mice given HSC+wSP, whereas the spleens of HSC recipients were mainly of host origin (Fig. S5B) . The wSPderived cells dominated total spleen cellularity in HSC+wSP recipients and persisted in the BM. Cell lineage representation also varied depending upon the graft type (Fig. S5C) . Recipients of HSC alone recovered normal lineage proportions in the BM by d14, and spleens recovered by d21, albeit with persistent T lymphopenia. In contrast, the BM and spleen of mice infused with HSC+wSP contained high numbers of donor wSP-derived T cells, relatively few B cells, and granulocytes/monocytes (Mac1 + ) dominated the cellularity.
Analyses of the relative contribution of cells derived from the three different blood forming sources by lineage (Fig. S6A) showed that for HSC recipients donor B cells arose early (d7) and replaced the host B cells by d21. In contrast, the small numbers of B cells present in HSC+wSP recipients originated largely from + , a substantial proportion of which were tetramer reactive against H60. Representative FACS plots from mice 2 wk post-HCT are shown. Data were confirmed in three independent experiments, with three to four animals per group.
wSP (Figs. S5C and S6B) . The dynamics of T-cell regeneration also differed markedly between HSC and HSC+wSP recipients. For HSC recipients, a high proportion of T cells were of host type, as T cells are known to be more radiation resistant than B and Mac1 cells. In these mice, the earliest TCRβ + cells originating from HSC were detected by d11. In mice given HSC+wSP, early expansion of wSP-derived donor T cells occurred, which resulted in both rapid eradication of residual host T cells and suppression of T lymphopoiesis from donor HSC (Fig. S6B) . For both graft types, by d7, the radiation-sensitive host myeloid cells were eliminated and replaced by donor cells (Fig. S6 A and B) . Recipients of HSC+wSP demonstrated increasing myelopoiesis originating from the donor splenocytes, which again shows that splenocytes contain HSC and progenitors that efficiently compete with HSC from the BM.
Discussion
An ultimate goal for the field of HCT is the engineering of grafts tailored to individual disease requirements. Purified HSC provide the platform upon which other defined mature populations (i.e., antigen-specific T cells) can be added. However, the implementation of this strategy requires better understanding of the biology of engraftment and hematopoiesis post-HCT and, in particular, of how graft composition affects these processes.
Although methods to purify HSC from human sources were developed more than a decade ago (21) , concerns remain that grafts depleted of T cells will engraft poorly and result in deficient immunity, discouraging translation of this technology to patient trials. However, the earlier clinical studies from the 1980s of TCD versus nonmanipulated BM grafts that reported increased rates of engraftment failure in the TCD group (4-7) were subsequently countered by trials showing equivalence in engraftment and overall survival with TCD, and variability regarding loss of GVT effects (9) (10) (11) (12) . Similarly, the direct correlation of TCD with infectious complications is questionable. In the largest randomized trial, in which patients on the TCD arm had a 1-log 10 reduction of T cells, TCD was associated with an increased risk of serious infections, specifically CMV and Aspergillus (11). However, a more recent prospective trial using rigorous TCD (5-log 10 ) and infusion of grafts with doses of CD34 + cells at levels comparable to MPB demonstrated engraftment in all evaluable patients and death from opportunistic infection in only 2% (12) . Taken in aggregate, it is clear that heterogenous factors, such as the method of host conditioning, method of TCD, and post-HCT immune suppression, influence the outcomes. Yet, the perception that donor T cells improve hematopoietic and immune recovery persists and is used to justify the continued use of grafts that carry significant risk of GVHD (cumulative risk for grade 2-4 acute GVHD 30-50%) (22, 23) and a consequent transplant-related mortality of 10-25% (24) .
The data presented here and elsewhere (25) contradict the conventional view that grafts of rigorously purified stem/progenitor cells will produce inferior immunity, and suggest that such conclusions should be re-examined. The body of data demonstrating the deleterious effects of GVHR on BM and lymphoid function (13) (14) (15) (16) (17) (18) (19) (20) (26) (27) (28) is often overlooked or underestimated. We previously reported that even low amounts of T cells cause subclinical, yet lympho-depleting, GVHR (25) . Here, we focused on an mHA-antigen-mismatched strain combination and used grafts that allowed us to distinguish between "new" HSC-derived hematopoiesis versus expansion of donor lymphocytes. Any expectation that posttransplantation hematopoiesis and immune recovery, even in the earliest days after graft infusion, is enhanced by addition of donor lymphoid cells (in the absence of pharmacologic immune suppression) was refuted in our model system. Blood production, as measured by absolute cell numbers and restoration of normalized ratios of myeloid to lymphoid elements in hematolymphoid tissues, was consistently superior for recipients of HSC alone as compared with HSC plus lymphocytes. Rather than promote HSC proliferation and differentiation, mature donor T cells suppressed their activities. The heavy infiltration by T and Mac1 + cells observed in the BM and lymphoid organs led us to conclude that suppression of HSC-derived hematopoiesis was mediated by alloreactive T cells that homeostatically expanded and induced a proinflammatory environment. It has been shown that cytokines, such as IL-6, TGFβ, TNFα, and IFNγ, suppress hematopoiesis by blocking lineage commitment (29) , impairing cell division (30) , and inducing programmed cell death (31) . Inflammation can also damage the host cellular components of HSC niches (13) , making the marrow inhospitable for blood cell production. Thus, the way that donor lymphocytes exert negative effects on hematopoiesis likely involves both direct and indirect perturbation of HSC function, survival, and engraftment.
Our data further highlight the differences in the origins of T cells that repopulate recipients of HSC as compared with HSC plus lymphoid cells. Recipients of pure HSC retained a large percentage of host T cells, and the levels of HSC-derived T cells rose gradually over time. In contrast, addition of splenocytes resulted in rapid elimination of host T and suppression of donor HSC-derived T lymphopoiesis. Spleen-derived CD8 T cells predominated in the BM early after transplantation, and a substantial proportion were reactive against the minor alloantigen H60, suggesting that CD8 T cells were responsible for clearance of the host lymphoid cells. CD4 T cells appeared to mediate GVHR and damage BM, as recipients of HSC plus CD4 T cells developed the full picture of B lymphopenia; however, incomplete eradication of host cells was observed more often. The pattern of host T-cell eradication by mature donor lymphocytes and expansion of the donor peripheral pool mirrors the clinical studies that have examined T-cell reconstitution posttransplantation (32, 33) . For many months post-HCT, the T-cell compartment is abnormal, largely comprising activated T cells and few naive cells. This aberrant skewing is thought to occur because T cells expand homeostatically, and clones that recognize antigens present in the host in the peri-transplantation period (i.e., mismatched histocompatibility antigens or herpes viruses) can dominate whereas others are lost. Although early reconstitution of the T-cell compartment occurs by oligoclonal expansion, resulting in the loss of many antigen specifications, a complete T-cell repertoire can come only from naive T cells arising from stem/progenitors by way of the thymus.
The profound and lasting dominance of spleen-over HSCderived lymphoid cells led us question whether CD45 allelic differences between the two donor parties contributed to this phenomenon. Historically, CD45 was thought to be nonantigenic (34) , and CD45 congenic strains have been extensively used to determine engraftment and chimerism in congenic and MHCmatched HCT models. However, our data and others suggest that polymorphic CD45 expressed on hematopoietic cells is immunogenic (35-37). In our system, if mature donor lymphoid cells were CD45 disparate with the HSC-donor, complete elimination of host elements, domination of hematopoiesis by the donor lymphoid cells over the congenic HSC, and aggravated GVHD was observed. When all parties were CD45 identical, higher levels of residual host cells persisted, and the contribution of donor HSC to hematopoiesis was significantly increased.
In summary, our studies were motivated to better elucidate how donor immune cells influence HSC engraftment, hematolymphoid recovery, and establishment of donor chimerism. We expected that despite development of GVHD, grafts with mature donor T cells would augment HSC-derived hematopoiesis and we would observe quantitatively better lymphoid recovery compared with grafts composed solely of HSC, at least in the early phase post-HCT; rather, transplantations of pure HSC were uniformly superior in these regards. Achievement of doses of HSC relevant to clinical transplantation has already been proved. On a per-kilogram basis, the dose of HSC used in our studies (1.2 × 10 5 HSC/kg) that provided rapid and sustained hematopoietic recovery is less than the dose of homologous human CD34 + Thy1 + HSC used in a clinical trial of autologous HCT (38) , and is less than that contained in megadose CD34 + enriched grafts used in haploidentical trials. Finally, although treatment of malignancies may require complete donor chimerism to achieve full GVT potency, other disease states, such as immune deficiencies and autoimmune disorders, do not require full conversion or may even benefit from mixed chimerism. Our findings on the superior effects on blood and lymphoid recovery after transplantation of pure HSC give us confidence that hematopoietic graft engineering will be possible, and that someday the problems of GVHD will be obsolete. Engraftment and Chimerism. Donor engraftment was assessed in the blood on d30, 60, and 90 post-HCT. BM and spleens were harvested at different time points between d4 and 14 mo and analyzed by FACS.
Methods
Detailed descriptions of mice, hematopoietic stem cell isolation and transplantation, GVHD assessment, histology, WBC, chimerism, staining for flow cytometry, and statistical methods are provided in SI Methods.
